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Abstract: Titania nanotubes loaded with antibiotics can deliver a high concentration of 
antibiotics locally at a specific site, thereby providing a promising strategy to prevent implant- 
associated infections. In this study we have fabricated titania nanotubes with various diameters 
(80, 120, 160, and 200 nm) and 200 nm length via electrochemical anodization. These nano- 
tubes were loaded with 2 mg of gentamicin using a lyophilization method and vacuum drying. 
A standard strain, Staphylococcus epidermidis (American Type Culture Collection 35984), 
and two clinical isolates, S. aureus 376 and S. epidermidis 389, were selected to investigate 
the anti-infective ability of the gentamicin-loaded nanotubes (NT-G). Flat titanium (FlatTi) 
and nanotubes with no drug loading (NT) were also investigated and compared. We found that 
NT-G could significantly inhibit bacterial adhesion and biofilm formation compared to FlatTi 
or NT, and the NT-G with 160 nm and 200 nm diameters had stronger antibacterial activity 
because of the extended drug release time of NT-G with larger diameters. The NT also exhibited 
greater antibacterial ability than the FlatTi, while nanotubes with 80 nm or 120 nm diameters 
had better effects. Furthermore, human marrow derived mesenchymal stem cells were used to 
evaluate the effect of nanotubular topographies on the osteogenic differentiation of mesenchy- 
mal stem cells. Our results showed that NT-G and NT, especially those with 80 nm diameters, 
significantly promoted cell attachment, proliferation, spreading, and osteogenic differentiation 
when compared to FlatTi, and there was no significant difference between NT-G and NT with 
the same diameter. Therefore, nanotube modification and gentamicin loading can significantly 
improve the antibacterial ability and osteogenic activity of orthopedic implants. 
Keywords: titania nanotubes, gentamicin, bacteria adhesion, biofilm formation, osteogenic 
activity 

Introduction 

Titanium (Ti) and its alloys have been widely applied for orthopedic implants because 
of their remarkable mechanical properties and biocompatibility; however, failure still 
occurs. Infection and aseptic loosening remain two major complications for ortho- 
pedic implants. 1-3 In the United States, the most common causes of revision total 
knee arthroplasty were infection (25.2%) and implant loosening (16.1%) in 2006, 2 
and the annual infection rate for orthopedic implants is 4.3%. 4 Whitehouse et al 5 
estimated that infections at orthopedic surgical sites prolong total hospital stays by 
a median of 2 weeks per patient, approximately double rehospitalization rates, and 
increase health care costs by more than 300%. Infection and aseptic loosening of 
implants usually occur because of poor integration with the surrounding bone tissue 
and bacterial contamination during the implant surgery. The competition for initial 
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adhesion to the implant surface between bacteria and tissue 
cells (osteoblasts and their precursors) begins immediately 
after the insertion of the implant. Once the bacteria have 
colonized and formed a biofllm on the implant, tissue cells 
will have difficulty adhering and proliferating on the same 
surface. Therefore, the inhibition of bacterial colonization 
and prevention of infection can also be beneficial to the 
osseointegration of implants. 

Administration of perioperative antibiotic prophylaxis 
is a routine procedure in orthopedic surgery to prevent 
infection. 6 - 7 However, the limitations of systemic administra- 
tion such as systemic toxicity may give rise to many compli- 
cations. The most effective method to resolve this problem 
is to deliver antibacterial agents locally from the implant 
surface. 8,9 Local controlled drug delivery will maintain the 
optimal concentrations of drugs at the specific site over 
prolonged periods without high systemic levels. Titania nano- 
tubes (TNTs) fabricated on Ti implants via electrochemical 
anodization have attracted increasing attention because of 
their good biocompatibility and chemical and mechanical 
properties. The dimensions of nanotubes are controllable 
at a level that can mimic the dimensions of the constituent 
components of natural bone to enhance osteogenic activity. 
In addition, TNTs of properly controlled diameters and 
lengths can serve as carriers for antibacterial agents. 10 " 14 
Gentamicin is an aminoglycoside antibiotic that is widely 
used to prevent implant-related infections. Nanotubes loaded 
with gentamicin can deliver high levels of antibiotics locally 
to inhibit bacterial adhesion on an implant without causing 
systemic toxicity while maintaining excellent osseointegra- 
tive properties. Popat et al 1015 have loaded 80 nm diameter 
nanotubes with 200, 400, and 600 (ig of gentamicin and 
demonstrated that the gentamicin eluted from the nanotubes 
significantly reduced bacterial adhesion on their surfaces, and 
osteoblast differentiation was also enhanced on nanotubes 
filled with gentamicin. They also demonstrated that 80 nm 
diameter nanotubes supported higher adhesion, prolifera- 
tion, and osteogenic differentiation of marrow stromal cells 
compared to flat Ti surfaces. Gulati et al 16 have fabricated 
nanotube structures on the surface of a Ti wire and loaded 
the 170 nm diameter nanotubes with gentamicin. They dem- 
onstrated that the drug eluting Ti wires could reduce bone 
infection. In this study, we further investigated and compared 
the antibacterial ability and osteogenic activity of gentamicin 
loaded (NT-G) and nonloaded nanotubes (NT) with four 
different diameters (80, 120, 160, and 200 nm). 

A very large proportion of implant-related infections are 
caused by staphylococci (roughly four out of five), and two 



single staphylococcal species, Staphylococcus aureus and 
S. epidermidis, together account for two out of three infection 
isolates. 17 Therefore, a standard strain, S. epidermidis 
(American Type Culture Collection [ATCC] 35984) and 
two clinical isolates, S. aureus 376 and S. epidermidis 389, 
were used in this study. In addition, human marrow derived 
mesenchymal stem cells (hMSCs) were cultured on NT and 
NT-G to evaluate the effect of nanotubular topographies on 
osteogenic cell functionality. 

Materials and methods 

Preparation of TNTs specimens 

Prior to the electrochemical anodization treatment, pure 
Ti discs of 99.5% purity (10 mm in diameter and 1 mm in 
depth) were sonicated with acetone to remove surface oil 
pollution. Then, they were chemically polished in a mixed 
solution containing HN0 3 and HF (V(HN0 3 ): V(HF) = 1 : 1) for 
60 seconds and cleaned with deionized water. The anodiza- 
tion process was performed in a conventional two electrode 
cell. Pure Ti discs served as the anode electrode and stainless 
steel discs served as the cathode electrode. The electrolyte 
consisted of 0.5% weight NH 4 F and 10% volume distilled 
water in ethylene glycol. After anodization for 1 hour at a 
constant voltage of 25 V, 40 V, 60 V, or 85 V, TNTs with 
length of 200 nm and diameters of 80, 1 20, 1 60, or 200 nm, 
respectively, were fabricated on the Ti discs. Afterward, the 
specimens were cleaned with deionized water and dried. All 
specimens were fabricated at room temperature. The surface 
morphologies of the TNTs with different diameters were stud- 
ied using a scanning electron microscope (SEM) . Flat Ti discs 
were used as a control in all the experiments. Both sides of 
the specimens were sterilized by ultraviolet irradiation before 
conducting the antibacterial and cell culture experiments. 

Loading of the antibiotics 

Gentamicin was loaded into the nanotubes using a lyophiliza- 
tion method and vacuum drying. 10 ' 18 ' 19 Briefly, the TNT 
surfaces were cleaned with deionized water before loading. 
A gentamicin solution (Sigma-Aldrich, St Louis, MO, USA) 
of 100 mg/mL was prepared in phosphate-buffered 
saline (PBS). A volume of 5 (iL of gentamicin solution 
was pipetted onto the nanotube surface and gently spread 
to ensure even coverage. The surfaces were then allowed 
to dry under vacuum at -45°C for 2 hours in freeze dry 
system (Labconco 7753072; Labconco Corp, Kansas City, 
MO, USA). After drying, the loading step was repeated 
until the nanotubes were loaded with 2 mg of gentamicin. 
After the final drying step, the surfaces were quickly rinsed 
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by pipetting 1 mL of PBS over the surface to remove any 
excess drug. The rinse solutions were collected and stored 
for further analysis. 

Characterization of drug 
release from TNTs 

The release kinetics of the gentamicin from the nanotubes was 
determined as described in previous studies. 10 ' 20 Three discs 
of different diameter NT-G were each individually immersed 
in 1 mL of PBS in a 24-well plate at a temperature of 37°C 
with an agitation at 100 rpm. FlatTi in 1 mL of PBS was 
used as a parallel control. All the samples were taken after 
specific intervals to determine the release kinetics. Samples 
were collected periodically for up to 57 hours. The solution 
was replaced with 1 mL of fresh PBS every time samples 
were collected. The samples were analyzed for drug content 
using a colorimetric assay. 20 Briefly, the o-phthaldialdehyde 
reagent was formulated by adding 2.5 g of o-phthaldialdehyde 
(Sigma-Aldrich), 62.5 mL of methanol ( Sigma- Aldrich), and 
3 mL of 2-mercaptoethanol (Sigma-Aldrich) to 560 mL of 
sodium borate (Sigma-Aldrich) in distilled water. The reagent 
was stored in a brown bottle in a dark chamber for at least 
24 hours prior to use. The collected gentamicin solution, the 
o-phthaldialdehyde reagent, and isopropanol (to prevent the 
precipitation of any products formed) were mixed in equal 
proportions and incubated for 30 minutes at room tempera- 
ture. In this assay, the o-phthaldialdehyde reacted with the 
amino groups of gentamicin to form chromophoric products, 
and the absorbance of these products was measured at 332 
nm. A standard curve with known concentrations of gen- 
tamicin (Sigma-Aldrich) was used to determine the unknown 
concentrations. 

Preparation and characterization 
of bacteria 

S. epidermidis (ATCC 35984) was kindly provided by Di 
Qu (Laboratory of Medical Molecular Virology, Shanghai 
Medical College, Fudan University, Shanghai, People's 
Republic of China). The clinical isolate S. aureus 376 and 
S. epidermidis 389 were kindly provided by Said Jabbouri 
(Universite du Littoral Cote D'Opale, Boulogne sur-Mer, 
France). These strains were stored at -80°C as glycerol 
stocks. The strains were propagated overnight on tryptone 
soy agar (TSA) medium at 37°C. A sterile 10 (iL loop was 
used to withdraw bacteria colonies from the TSA, which 
were then inoculated into 10 mL of BBL™ Trypticase™ 
soy broth (TSB, BD Biosciences, Franklin Lakes, NJ, USA) 
and cultured for approximately 16 hours on a shaker at 



250 rpm and 37°C. Cells were then harvested by centrifu- 
gation (8,000 x g for 10 minutes). The minimum inhibiting 
concentrations (MICs) of gentamicin against ATCC 35984, 
S. aureus 376 and S. epidermidis 389 were determined by a 
microtiter broth dilution method as previously described. 2123 
Our previous study demonstrated that the three tested strains 
were biofilm-producing bacterial strains. 21,24 

Bacterial adhesion assay using 
the spread plate method 

Bacterial adhesion and biofilm formation on the specimens 
was investigated by the spread plate method, which has been 
described elsewhere. 25,26 The inocula of the three strains 
were prepared by adjusting the concentration of an over- 
night bacterial broth culture to 1 x 10 6 colony forming units 
(CFUs)/mL in TSB using McFarland standards. A volume 
of 1 mL of the suspension was added to a 48-well plate 
(Costar3548, Corning Incorporated, Corning, NY, USA) that 
contained FlatTi and different diameter NT and NT-G discs and 
was incubated at 37°C with agitation at 100 rpm for 4 hours. 
Then the specimens were removed with sterile forceps, placed 
into a fresh 24-well plate and gently washed with sterile PBS 
three times to remove loosely adherent bacteria. The specimens 
were then placed in 0.5 mL of TSB, and the adherent bacteria 
on the disc were dislodged by ultrasonication (5 minutes) in a 
1 50 W ultrasonic bath (B3500S-MT, Branson Ultrasonics Co, 
Shanghai, People's Republic of China) operating at a frequency 
of 50 Hz. The ultrasonication was followed by rapid vortex 
mixing (Vortex Genie 2, Scientific Industries Inc., Bohemia, 
NY, USA) at maximum power for 1 minute to remove bacteria 
that had adhered to the material. This method is known to be 
effective for removing biomaterial-adherent bacteria. 27,28 The 
vortexed solutions were plated in triplicate onto TSA and then 
incubated at 37°C for 24 hours. The number of CFUs on the 
TSA was counted, the amount of bacteria adhesion on the 
substrates and in the biofilm was calculated and is expressed 
relative to the surface area of the sample (CFUs/mm 2 ), and the 
TSA was photographed using a digital camera (Nikon D90; 
Nikon Corporation, Tokyo, Japan). 

Biofilm formation assay using the 
tissue culture plate (TCP) method 

The TCP assay method, which is considered the standard 
test to detect biofilm formation, has been described in the 
literature. 29,30 In brief, the specimens were incubated with 
bacterial suspensions of 1 x 10 6 CFUs/mL in TSB for 
24 and 48 hours. Another plate containing TSB and the 
specimens was used as the negative control. The samples 
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were gently washed with PBS three times to remove free 
floating planktonic bacteria. The biofilms formed on the 
specimens were dried at 60°C for 1 hour and stained at 
room temperature with 200 \lL of a 0. 1% (wt/vol) aqueous 
solution of crystal violet (CV) for 5 minutes. The samples 
were rinsed twice with deionized water to remove excess 
stain. After the samples were dried at 37°C for 2 hours, the 
biofilm formation was quantified by solubilization of the 
CV stain in 200 (iL of 30% (wt/vol) glacial acetic acid for 
10 minutes with agitation at 300 rpm. The CV concentra- 
tion was determined using a Synergy HT multidetection 
microplate reader (BioTek, Winooski, VT, USA) at a 
wavelength of 492 nm. 31 The mean absorbance obtained 
from the medium control well was deducted from the test 
absorbance values. 

Observation of bacterial adhesion 
and biofilm formation using SEM 

The specimens were incubated with bacterial suspensions 
of 1 x 10 6 CFUs/mL in TSB for 4, 24, and 48 hours. The 
discs were gently washed three times with PBS. Then, the 
surfaces were fixed in 2.5% glutaraldehyde for 2 hours at 
4°C, washed three times with cacodylate buffer, and dehy- 
drated through a series of graded ethanol solutions (25, 50, 
75, 95, and 100%) for 10 minutes each. Then, the surfaces 
were dried with hexamethyldisilazane (Polysciences, War- 
rington, PA, USA) for 1 0 minutes. The hexamethyldisilazane 
was removed, and the surfaces were air dried for 30 minutes. 
The samples were subsequently freeze dried, sputter coated 
with gold, and observed using a SEM (Joel JSM-6310LV 
JEOL, Tokyo, Japan). 

Observation of bacterial adhesion and 
biofilm formation using confocal laser 
scanning microscopy (CLSM) 

The bacterial adhesion and biofilm formation were also 
observed using CLSM. The specimens were removed at three 
different time points and were gently washed three times with 
PBS. The samples were stained in a new 48-well plate with 
300 (iL of combination dye (LIVE/DEAD BacLight bacteria 
viability kits, L 1 3 1 52; Molecular Probes, Life Technologies, 
Carlsbad, CA, USA) and analyzed with a CLSM (Leica 
TCS SP2; Leica Microsystems, Wetzlar, Germany). The 
viable and nonviable cells can be distinguished under the 
fluorescence microscope because viable bacteria with intact 
cell membranes appear fluorescent green, whereas nonviable 
bacteria with damaged membranes appear fluorescent red. 
The images were acquired from random positions on the 



surfaces of the samples. In this study, we used ATCC 35984 
for the CLSM and SEM observation assays. 

Cell culture 

hMSCs were cultured as described in our previous articles. 24 ' 32 
In brief, cells were cultured in a-Modified Eagle's Medium 
(a-MEM) culture medium supplemented with 10% fetal 
bovine serum (FBS) and 1% antibiotics (penicillin 100 
U/mL, streptomycin sulphate 100 (ig/mL; GibcoBRL, 
Life Technologies). The cells were incubated at 37°C in a 
humidified atmosphere of 5% C0 2 , and the growth medium 
was changed every 48 hours. When the culture grew to 
approximately 80% confluence, the hMSCs were detached 
with 0.25%) trypsin and subcultured. The cells at passage 3 
were used in the experiments. 

Determination of cell attachment 

FlatTi, NT, and NT-G were placed in 48-well plates (Costar3 548) 
and the hMSCs were seeded at a density of 2 x 1 OVwell. Another 
plate containing the a-MEM culture medium and the specimens 
was used as a parallel control. After incubation at 6 and 1 2 hours 
at 37°C in a humidified atmosphere of 5% C0 2 and 95%o air, 
1 00 |xL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide solution ([MTT] Sigma-Aldrich) was added to each 
well, and the plates were incubated at 37°C for 4 hours. Then 
the supernatant was discarded and 1 mL of dimethyl sulphoxide 
(Sigma-Aldrich) was added to the wells for 5 minutes to dissolve 
the formazan salts. The plates were read at 570 nm using an 
automated plate reader (Synergy HT multidetection microplate, 
BioTek). The mean absorbance obtained from the medium con- 
trol well was determined from the test absorbance values. Simi- 
larly, at each time point, the attached cells were fixed and stained 
with4 / ,6'-diamidino-2-phenylindole ([DAPI] Sigma-Aldrich). 
The cells were observed using a fluorescence microscope 
(Leica Microsystems). 

Determination of cell proliferation 

The hMSCs were seeded on the specimens placed in 24-well 
plates at a density of 5 x 10 3 viable cells. Another plate con- 
taining the a-MEM culture medium and the specimens was 
used as a parallel control. After culturing for 1 , 4, and 7 days, 
cell proliferation of the specimens was assessed using the 
MTT assay. In brief, at each time point, 1 00 (J.L of the MTT 
solution was added to each sample and incubated at 37°C for 
4 hours. The formazan was then dissolved using dimethyl 
sulphoxide. The absorbance was measured at 570 nm. The 
mean absorbance obtained from the medium control well was 
determined from the test absorbance values. 
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Observation of cell morphology 

The cell morphology of the hMSCs was investigated using 
CLSM. After culturing for 24 hours with the specimens as 
described above, the cells on the surfaces of the specimens were 
rinsed gently with PBS three times and the adherent cells were 
fixed with 3.7% formaldehyde for 1 5 minutes and then treated 
with 0. 1 % Triton X- 1 00 for another 1 5 minutes. This was fol- 
lowed by staining the filamentous actin of the cytoskeleton in 
the hMSCs with Alexa Fluor 555 phalloidin (Molecular Probe, 
Sigma- Aldrich) for 1 hour, followed by staining the cell nuclei 
with DAP1 for 10 minutes. The samples were rinsed gently 
with PBS before and after each step. The cell morphology and 
spreading were visualized using CLSM. 

Determination of osteogenic 
differentiation of hMSCs 

A volume of L mL of the cell suspension seeded on each 
specimen at a density of 3 x 10 4 cells/mL was used to evalu- 
ate the effect of the different diameters of the NT and NT-G 
on the osteogenic differentiation. After culturing for 24 
hours with the specimens, the medium was changed to the 
osteogenic induction medium: the a-MEM culture medium 
was supplemented with 10% FBS, 0.1 (iM dexamethasone 
(Sigma- Aldrich), 50 (iM ascorbate acid (Sigma-Aldrich), 
and 10 mM (^-glycerophosphate sodium (Sigma-Aldrich). 
These media were renewed every 2 days throughout the 
study period. 

Alkaline phosphatase (ALP) 
activity assay and ALP staining 

After 7, 10, and 14 days of incubation with the osteogenic 
induction medium in a 48-well plate, the specimens were 
washed with PBS three times, and then lysed in a 0.2% Triton 
X-100 solution through four standard freeze thaw cycles. 
The ALP activity was determined following the procedures 
described in our previous article. 33 The ALP activity in the 
lysis solution was determined through a colorimetric assay 
based on p-nitrophenyl phosphate. The intracellular total 
protein content was determined using a MicroBCA protein 
assay kit (Pierce Biotechnology, Thermo Fisher Scientific, 
Waltham, MA, USA) and the ALP activity was normalized 
to it. ALP staining was performed with an ALP staining 
kit (Renbao, Shanghai, People's Republic of China) on 
day 7 and day 14. In brief, the cells were fixed with buff- 
ered formalin for 30 seconds, washed with distilled water 
two times, and then stained with a staining reagent for 
45 minutes. Afterward, the specimens were washed three times 
with distilled water and then images were obtained using a 



scanner (Hewlett-Packard Scanjet 2400; Hewlett-Packard, 
Palo Alto, CA, USA). 

Alizarin Red staining 

After 21 and 28 days of osteogenic induction in 48-well 
plates, the specimens were washed with PBS three times 
and fixed in 3.7% formaldehyde for 1 hour. They were then 
incubated with a 1% Alizarin Red (Sigma-Aldrich) solution 
for 45 minutes at room temperature. The specimens were 
washed with distilled water until no more color appeared in 
the distilled water, and then images were obtained using a 
scanner (Hewlett-Packard Scanjet 2400, Hewlett-Packard). 

Statistical analysis 

All experiments were conducted in triplicate and repeated 
three times. The results are expressed as mean ± standard 
deviation. The one-way analysis of variance and least signifi- 
cant difference (LSD) post hoc tests were used to determine 
the level of significance; P<0.05 was defined as significant 
and/ > <0.01 was defined as highly significant. The statistical 
analyses were performed using SPSS software version 13.0. 1 
(SPSS Inc., Chicago, IL, USA). 

Results 

Morphological characterization 
of NT and NT-G 

Figure 1 (first row) shows SEM images of TNTs with dif- 
ferent diameters (80, 120, 160, and 200 nm). As described 
above, the diameter of nanotubes can be controlled by 
altering the anodization parameters. In this study, we used 
anodization voltages of 25 V, 40 V, 60 V, or 85 V to fabricate 
nanotubes with length of 200 nm and diameters of 80 nm, 
120 nm, 160 nm, or 200 nm, respectively. Figure 1 (second 
row) shows SEM images of four different diameter nanotu- 
bular surfaces loaded with gentamicin. The surfaces of the 
drug-loaded specimens retain the nanotubular structure with 
gentamicin incorporated into the nanotubes. 

Loading efficiency of gentamicin 
in different diameter nanotubes 

In this study, gentamicin was loaded into nanotubes using a 
lyophilization method and vacuum drying. The nanotubes were 
filled with 2 mg of gentamicin using the procedure described 
above. Prior to the drug release assay, the loading efficiency 
of the gentamicin in the nanotubes was evaluated. 10 The con- 
centrations of the rinse solutions were measured by the previ- 
ously described colorimetric assay. The loading efficiency was 
calculated from the formula r\ = (m o — m r )/m o , where Tj is the 
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Figure I Morphological characterization of different diameter nanotubular surfaces using scanning electron microscopy (first row) and drug-loaded nanotubular surfaces 
(second row). 

Notes: The scanning electron microscopy images show that the tube diameters were 80, 1 20, 1 60, and 200 nm, respectively. The surfaces of the drug-loaded nanotubes 
retain the nanotubular structure. The magnification level is x30,000. The scale bar is I u.m. 
Abbreviations: NT, nanotubes; NT-G, gentamicin-loaded nanotubes. 



loading efficiency, m o is the amount of gentamicin loaded in 
the nanotubes (2 mg), and m is the amount of gentamicin in the 
rinse solution. Figure 2A shows the loading efficiencies of dif- 
ferent diameter NT-G. The results indicate that approximately 
75%-80% of the gentamicin is retained in the nanotubes after 
the initial wash. The loading efficiency of NT-G200 was higher 
than that of NT-G80 orNT-G120 (P<0.05). 

Gentamicin release from the nanotubes 

Figure 2B shows the drug release from different diam- 
eter nanotubes, which is expressed in (xg/mL. There is 
higher sustained drug release from the nanotubes with 
larger diameters (160 nm or 200 nm) than from those with 
smaller diameters (80 nm or 120 nm). The majority of the 
gentamicin was released from NT-G80 and NT-G 120 after 
approximately 9 hours and from NT-G 160 and NT-G200 
after approximately 21 hours. After a high initial release, 



the amount of gentamicin eluted from the nanotubes remained 
nearly constant. As shown in Table 1, the initial release of gen- 
tamicin from NT-G80, NT-G 120, NT-G 160, and NT-G200 
was 79.01, 85.96, 132.98, and 143.51 ug, respectively. 
However, the results indicate that a large proportion of the 
gentamicin was not eluted from the nanotubes. 

The MIC of the bacterial strains 

As shown in Table 2, S. epidermidis 389 was susceptible to 
the gentamicin (MIC =0. 125 jig/mL), while ATCC 35984 and 
S. aureus 376 exhibited a low level of susceptibility to the 
gentamicin (MIC =16 Jig/mL and 8 Lig/mL, respectively). 

Inhibition of bacterial adhesion and 
biofilm formation on NT and NT-G 

The number of viable bacteria adhered to the nanotubes 
at the 4 hour time point was determined by the spread 
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Figure 2 Loading efficiency and drug release profiles of gentamicin. 

Notes: (A) Loading efficiency of gentamicin in different diameter nanotubes. ^Denotes a significant difference compared to NT-G80 or NT-G 1 20 (P<0.05). (B) Cumulative 
drug release profiles from different diameter nanotubes loaded with 2 mg of gentamicin, expressed in Jig/mL. After a high initial release, the amount of gentamicin eluted from 
the nanotubes was nearly constant. A large proportion of the gentamicin was not eluted from the nanotubes. 
Abbreviation: NT-G, gentamicin-loaded nanotubes. 
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Table I The initial and total release of gentamicin in 57 hours 



Specimen 


Total drug-loaded 
(jig a /one disc) 


Initial 

release (H-g b ) 


Total 

release (fig) 


NT-G80 


1519.27 


79.01 


91.45 


NT-G 120 


1524.25 


85.96 


98.73 


NT-G 160 


1587.46 


132.98 


142.57 


NT-G200 


1605.08 


143.51 


157.85 



Notes: a The amount of gentamicin retained in the nanotubes after the initial wash: 
2 mg xt] (the loading efficiency); b the amount of drug released in the initial high 
release period before the rate of drug release became approximately constant. 
Abbreviation: NT-G, gentamicin-loaded nanotubes. 



plate method. As shown in Figure 3, the number of living 
bacteria of the three tested strains on the surface of the NT-G 
was significantly lower than on the FlatTi or NT (P<0.01 ), 
and no difference was observed among NT-G80, NT-G120, 
NT-G160, and NT-G200 (P>0.05). The number of living 
bacteria on the surface of the NT was significantly lower 
than on the FlatTi (j°<0.01), and the numbers on NT80 and 
NT 120 were significantly lower than on NT 160 and NT200 
(P<0.0\). There was no difference between NT80 and 
NT120 or between NT160 and NT200. 

The biofilm formation of the three tested strains on the 
specimens was assessed by CV staining using the TCP 
method. As shown in Figure 4A and B, it can be observed 
that the A 492 values of ATCC 35984 and S. aureus 376 on 
NT-G were significantly lower than on FlatTi and NT at 
the 24 and 48 hour time points (P<0.01) which indicates 
almost no biofilm formation on NT-G surfaces. Similar to the 
bacterial adhesion results from the spread plate assay, there 
was no difference among NT-G80, NT-G 120, NT-G 160, 
and NT-G200 at the 24 hour time point (P>0.05), and 
the A 492 values of bacteria on NT-G80 and NT-G120 were 
higher than on NT-G 160 and NT-G200 at the 48 hour time 
point (P<0.01). Figure 4C shows that the A 492 values of 
S. epidermidis 389 on NT-G were significantly lower com- 
pared to FlatTi and NT at the two time points (P<0.01 ), and 
no difference can be observed among NT-G samples with 
different diameters (P>0.05). In addition, the A 492 values 
of the three tested strains on NT were significant lower than 
on FlatTi at the 24 and 48 hour time points (P<0.01), and 
the A™ values of bacteria on NT80 and NT 120 were lower 



Table 2 The minimum inhibiting concentrations of the three 
tested strains 



Microorganism 


Minimum inhibiting 




concentrations (flg/mL) 


American Type Culture Collection 35984 


16 


Staphylococcus aureus 376 


8 


S. epidermidis 389 


0.125 



than NT160 and NT200 (P<0.01), indicating less biofilm 
formation on NT80 or NT 120. There was no difference in 
biofilm formation between NT80 and NT 120 or between 
NT160and NT200. 

SEM and CLSM observation 

Bacterial adhesion and biofilm formation on the surfaces of 
the FlatTi, NT, and NT-G were observed using SEM and 
CLSM at the 4, 24, and 48 hour time points. In this study, we 
only evaluated the ATCC 35984 using SEM and CLSM. 

As shown in the SEM images in Figure 5, there were 
a few single bacterial colonies scattered on the surfaces of 
NT-G80 and NT-G120 at the 4 and 24 hour time points (a6, 
a7, b6, b7) and on the surfaces of NT-G160 and NT-G200 
at the three time points (a6, a7, b6, b7, c6, c7). The colonies 
on the NT-G80 and NT-G 120 surfaces were more obvious 
than those on NT-G160 and NT-G200 at the 48 hour time 
point. In contrast, it can be observed that many multiple 
bacterial colonies formed colony masses on the surfaces of 
the FlatTi, NT 160, and NT200 at 24 and 48 hours (bl, b4, 
b5, cl, c4, c5) and on the surfaces of NT80 and NT120 at 
the 48 hour time point (c2, c3). Additionally, at the 4 hour 
time point, there were fewer bacterial colonies on NT80 
and NT120 (a2, a3) than on NT160 and NT200 (a4, a5) and 
significantly fewer than on FlatTi. 

In the CLSM images in Figure 6, we can observe an 
intense fluorescence on the surface of the FlatTi at 24 and 
48 hours (bl, cl) and on the surfaces of NT 160 and NT200 
(c4, c5) at 48 hours, which indicates significant biofilm 
formation. A less intense fluorescence was found on the sur- 
faces of NT 160 andNT200 at the 24 hour time point (b4, b5), 
and on NT80 and NT120 at the 48 hour time point (c2, c3), 
which indicated a low level of biofilm formation. The bacterial 
colonies were sparsely distributed on the surface of NT-G80 
and NT-G 120 at 4 and 24 hours (a6, a7, b6, b7) and on the 
surfaces of NT-G160 and NT-G200 at 4, 24, and 48 hours 
(a8, a9, b8, b9, c8, c9), which indicates no biofilm formation. 
Similar to the results of the SEM observations, there were 
fewer bacterial colonies on the surfaces of NT80 and NT120 
compared to those of NT160, NT200, and FlatTi. 

Attachment and proliferation of hMSCs 

Cell adhesion and proliferation were measured by the MTT 
assay. As shown in Figure 7A, the numbers of adherent cells on 
the surfaces of the NT and NT-G were significantly higher than 
those on the FlatTi at the 6 and 12 hour time points (P<0.01 ). 
No significant difference could be found among NT80, NT 1 20, 
NT 160, and NT200 at the 6 hour time point. The numbers 
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Figure 3 The number of viable bacteria adhered on the flat titanium, nanotubes with no drug loading, and gentamicin-loaded nanotubes surfaces at 4 hours. 
Notes: (A) The number of viable bacteria was counted and normalized to the counts from the flat titanium (FlatTi) control for each bacterial strain. ^Denotes a significant difference 
compared to FlatTi (P<0.0l). "Denotes a significant difference compared to NT80, NT 1 20, NT 1 60, or NT200 (P<0.0l). s Denotes a significant difference compared to NT 1 60 
or NT200 (P<0.0l). The data are representative of the results from three independent experiments and are expressed as mean ± standard deviation. (B) Representative images 
of bacteria adhered to the surfaces of various specimens after 4 hours of incubation. The antibacterial properties of the specimens ( I ) FlatTi, (2) NT80, (3) NT 1 20, (4) NT 1 60, 
(5) NT200, (6) NT-G80, (7) NT-G 1 20, (8) NT-G 1 60, (9) NT-G200 against (a) American Type Culture Collection 35984, (b) Staphylococcus aureus 376 and (c) S. epidermidis 389. 
Abbreviations: NT, nanotubes; CFU, colony forming unit; NT-G, gentamicin-loaded nanotubes. 

of cells adherent on NT80 and NT 120 were significantly Figure 7B shows that the numbers of cells stained with DAPI 
higher than those on NT160 and NT200 at the 12 hour time on the surfaces of the NT, NT-G, and FlatTi after 6 and 12 
point (P<0.05). There is no statistically significant differ- hours of incubation were consistent with the results described 
ence between the NT and the NT-G with the same diameter. previously. In Figure 7C, it can be seen that the cells on the 
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Figure 4 Biofilm formation of the three bacterial strains. 

Notes: (A) American Type Culture Collection 35984, (B) Staphylococcus aureus 
376, and (C) S. epidermidis 389 on flat titanium (FlatTi), nanotubes with no drug 
loading (NT), and gentamicin-loaded nanotubes (NT-G) surfaces at 24 hours and 
48 hours, as detected by the tissue culture plate method. ^Denotes a significant 
difference compared to FlatTi (P<0.0 1 ). # Denotes a significant difference compared 
to NT80, NT 1 20, NT 1 60, and NT200 (P<0.0l). 'Denotes a significant difference 
compared to NT 1 60 and NT200 (P<0.0l). **Denotes a significant difference 
compared to NT-G80 and NT-G200 (P<0.0l). The data are representative of the 
results from three independent experiments and are expressed as mean ± standard 
deviation. 



FlatTi exhibited an obviously lower proliferation rate than 
those on the NT and NT-G at various time points (P<0.01). 
The cells on NT80 and NT 120 showed higher proliferation 
rates when compared with those on NT 160 and NT200 at 
day 4 and day 7 (P<0.05). The cell proliferation rate on 
NT80 and NT 1 20 increased dramatically compared to NT 1 60 
andNT200 at day 7 (P<0.05). Similar to the case of the cell 
attachment, no statistically significant difference was found 
between the NT and the NT-G with the same diameter. 

Cell morphology of hMSCs 

Figure 8 shows that the hMSCs displayed significantly 
different shapes on the surface of the FlatTi and on the 
nanosurfaces (NT and NT-G). The cells on the nanotube 
surfaces displayed polygonal and clustering morphology. 
In contrast, the cells on the FlatTi exhibited a spindle and 
spherical morphology and spread poorly. The spreading of 
the cells on NT80 and NT 120 was more extended than that 
on NT 160 and NT200. The cells on the NT-G exhibited a 
similar spreading profile to those on the NT of the same 
diameter. In addition, the cell densities on the surfaces of 
the 80 and 120 nm nanotubes were higher than those on the 
160 and 200 nm nanotubes and the FlatTi. 

Osteogenic differentiation of hMSCs 

As shown in Figure 9A, the ALP activity (normalized by 
the total protein amounts) of the hMSCs on the NT was 
significantly higher than that of those on the FlatTi at three 
different time points (_P<0.0 1 ), and the ALP activity levels of 
the cells on NT80 and NT 120 were significantly higher than 
those of the cells cultured on NT160 and NT200 (P<0.01). 
No differences were observed between NT80 and NT 120 or 
between NT160 andNT200 at day 7 (P>0.05). However, the 
ALP activity level on NT 160 was significantly higher than 
that on NT200 at day 10 and day 14 (P<0.01), and NT80 
had a significantly higher ALP activity level compared to 
that of on NT120 (P<0.01). The results of the NT were not 
significantly different to those of the NT-G with the same 
diameter. Figure 9B shows the ALP staining on NT, NT-G, 
and on the FlatTi at day 7 and day 14. It can be observed that 
the staining on both the drug-loaded and nonloaded nano- 
tubes with diameters of 80 nm or 120 nm was denser than 
that on the FlatTi and nanotubes with diameters of 1 60 nm 
or 200 nm. Additionally, similar weak staining was found 
on NT200, NT-G200, and FlatTi. 

The extracellular matrix mineralization was assessed 
by Alizarin Red staining. Figure 1 0 shows the Alizarin Red 
staining on the FlatTi, NT, and NT-G at day 2 1 and day 28. It 
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was also found that the calcium deposits on both drug-loaded 
and nonloaded nanotubes with diameters of 80 nm or 120 nm 
were more obvious than those on FlatTi and nanotubes with 
diameter of 1 60 nm or 200 nm. 

Discussion 

As described previously, the local delivery of antibiotics has 
many advantages when compared to systemic administra- 
tion for the prevention of implant-associated infection. In 
this study, we filled nanotubes with gentamicin using a lyo- 
philization method and vacuum drying to achieve local drug 
delivery. We fabricated TNTs with various diameters using 
electrochemical anodization to investigate the antibacterial 
ability and osteogenic activity of different diameter NT and 
NT-G. Popat et al 10 demonstrated slower and sustained release 



from 80 nm nanotubes loaded with a larger amount of drug 
when compared to those loaded with lower amounts. They 
filled nanotubes of 80 nm in diameter and 400 nm in length 
with 200, 400, and 600 (ig of gentamicin, and all the drug 
eluted within 45, 90, and 150 minutes, respectively. There- 
fore, to extend the drug release time, we fabricated TNTs 
with larger diameters and filled them with a larger amount 
of gentamicin (2 mg). Our results showed that the initial drug 
release time of the smaller diameter nanotubes (NT-G80 and 
NT-G 120) was extended to approximately 9 hours, and that 
of the larger diameter nanotubes (NT-G 160 and NT-G200) 
was extended to approximately 21 hours. The total amounts 
of gentamicin released from NT-G80, NT-G120, NT-G160, 
andNT-G200 over 57 hours were 91.45, 98.73, 142.57, and 
157.85 (ig, respectively, which were all above the MICs of 
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Figure 6 Confocal laser scanning microscopy analysis of bacterial viability on different surfaces. 

Notes: ( I ) Flat titanium, (2) NT80, (3) NT 1 20, (4) NT 1 60, (5) NT200, (6) NT-G80, (7) NT-G 1 20, (8) NT-G 1 60, and (9) NT-G200 incubated with American Type Culture 
Collection 35984 for (a) 4 hours, (b) 24 hours, and (c) 48 hours. The bacteria were stained with green fluorescent SYTO 9 and red fluorescent propidium iodide which 
resulted in the live cells appearing green and the dead cells appearing red under confocal laser scanning microscopy. The magnification level is x400. The scale bar is 50 n_m. 
Abbreviations: NT, nanotubes; NT-G, gentamicin-loaded nanotubes. 



the three tested strains (16 Jlg/mL for ATCC 35984, 8 ug/mL 
for S. aureus 376, and 0.125 jlg/mL for S. epidermidis 389). 
Although a large proportion of gentamicin was not eluted 
and remained in the nanotubes, we believe that the released 
gentamicin is sufficient to inhibit the initial adhesion of 



bacteria. The initial adhesion of bacteria to biomaterial sur- 
faces is believed to be the critical event for the pathogenesis 
of foreign body infections. 34-36 A postimplantation period of 
6 hours has been identified as the "decisive period," and the 
prevention of bacterial adhesion is critical to the long term 
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Figure 7 Attachment and proliferation of the human marrow derived mesenchymal stem cells on the surfaces of various specimens. 

Notes: (A) Cell adhesion measured by the colorimetric MTT assay. ^Denotes a significant difference compared to flat titanium (P<0.0l). # Denotes a significant difference 
compared to NT 1 60 and NT200 (P<0.05), and 'denotes a significant difference compared to NT-G 1 60 and NT-G200 (P<0.05). (B) Cells stained with DAPI after 1 2 hours 
of culturing. The magnification level is x 1 00. The scale bar is 200 |im. (C) Cell proliferation on various specimens. ^Denotes a significant difference compared to flat titanium 
(P<0.0l). ^Denotes a significant difference compared to NT 1 60 and NT200 (P<0.0l), 'denotes a significant difference compared to NT-G 1 60 and NT-G200 (P<0.0l), 
^denotes a significant difference compared to NT200 (P<0.05), and $i denotes a significant difference compared to NT-G200 (P<0.05). The data are representative of the 
results from three independent experiments and are expressed as mean ± standard deviation. 
Abbreviations: NT, nanotubes; NT-G, gentamicin-loaded nanotubes; FlatTi, flat titanium. 



if 




Figure 8 Representative images of the human marrow derived mesenchymal stem cells stained with rhodamine phalloidin for the actin filaments (red) and nuclei counterstained 
with DAPI (blue). 

Notes: Shown are the cytoskeletal morphologies of the cells on the surfaces of the flat titanium, nanotubes with no drug loading, and gentamicin-loaded nanotubes. The 
cells on the nanotubular surfaces displayed polygonal and clustering morphology, while those on the flat titanium surface exhibited a spindle and spherical morphology. The 
scale bar is 50 urn. 

Abbreviations: NT, nanotubes; NT-G, gentamicin-loaded nanotubes; FlatTi, flat titanium. 
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Figure 9 The alkaline phosphatase activity assay and alkaline phosphatase staining. 

Notes: (A) Relative alkaline phosphatase (ALP) activity of the human marrow derived mesenchymal stem cells (hMSCs) after culturing for 7, 1 0, and 1 4 days. The ALP activity 
was normalized by the total protein amounts. ^Denotes a significant difference compared to flat titanium (P<0.0 1 ), # denotes a significant difference compared to NT 1 60 and 
NT200 (P<0.0l), **denotes a significant difference compared to NT200 (P<0.05), ^denotes a significant difference compared to NT-G200 (P<0.0l), $ denotes a significant 
difference compared to NT-G 1 60 and NT-G200 (P<0.0 1 ), $$ denotes a significant difference compared to NT- 1 20 (P<0.0 1 ), and ***denotes a significant difference compared 
to NT-G 1 20 (P<0.0 1 ). The data are representative of the results from three independent experiments and are expressed as mean ± standard deviation. (B) Representative 
images of ALP staining on ( I ) flat titanium, (2) NT80, (3) NT 1 20, (4) NT 1 60, (5) NT200, (6) NT-G80, (7) NT-G 1 20, (8) NT-G 1 60, and (9) NT-G200 after (a) 7 and (b) 1 4 
days of culturing. 

Abbreviations: NT, nanotubes; NT-G, gentamicin-loaded nanotubes; FlatTi, flat titanium. 



success of an implant. 4 37 38 As shown in Figure 3, an initial 
burst of release appeared for all four groups of NT-G. The high 
initial concentrations of released gentamicin could efficiently 
kill the bacteria already present on the implants during the 
operation efficiently. 



Biofilm formation involves several steps, beginning with 
bacterial attachment onto the surface and followed by the syn- 
thesis of extracellular polymeric substances by the attached 
bacteria and aggregation into microcolonies which evolve 
into a three dimensional matrix with channels. 37 " 39 In this 
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Figure 10 Representative images of Alizarin Red staining on different surfaces. 

Notes: (I) Flat titanium, (2) NT80, (3) NTI20, (4) NTI60, (5) NT200, (6) NT-G80, (7) NT-GI20, (8) NT-GI60, and (9) NT-G200 after incubation for (a) 21 and (b) 28 days. 
Abbreviations: NT, nanotubes; NT-G, gentamicin-loaded nanotubes. 



study, we investigated the bacterial adhesion, microcolonies, 
and biofilm formation on NT and NT-G at three different time 
points using the spread plate method, CV staining, SEM, 
and CLSM. Our results demonstrated that there were far 
more bacterial colonies on the FlatTi at 4 hours and obvious 
biofilm formation at 24 and 48 hours for all tested strains 
when compared to the NT and NT-G. It also could be seen 
that the NT-G more efficiently inhibited bacterial adhesion 
and biofilm formation on its surface over 48 hours when 
compared to the NT. For ATCC 35984 and S. aureus 376, the 
numbers of viable colonies on NT-G 160 and NT-G200 were 
significantly lower than those on the NT-G80 and NT-G120 
surfaces at 48 hours. These results indicate that for NT-G, 
the larger the diameters of the nanotubes were, the stronger 
the antibacterial activity would be, because of the extended 
drug release time of the NT-G with larger diameters. 

Interestingly, our results showed that nanotubes with 
no drug loading also could inhibit bacterial adhesion and 



biofilm formation to some extent, as NT80 and NT 120 had 
fewer viable bacteria colonies adhered to their surfaces when 
compared to NT 1 60 and NT200. Ercan et al 42 investigated the 
antibacterial efficacy ofTi nanotubes with diameters of 20, 
40, 60, 80 run. They demonstrated that nanotubular structures 
(except those of 20 nm in diameter) could reduce the number 
of live bacteria adhering to the surface, and for larger diam- 
eters (40-80 nm), fewer living bacteria were observed on the 
surfaces. In a previous study, we compared Ti0 2 nanotube 
arrays with 30 and 80 nm diameters to mechanically polished 
Ti and acid etched Ti. 41 We found that the initial adhesion and 
growth of S. epidermidis on the surfaces of the Ti0 2 nanotube 
arrays were inhibited, especially on the 80 nm Ti0 2 nanotube 
arrays. Therefore, we can conclude that nanotubes with no 
antibiotics have moderate antibacterial activity. 

Poor bone tissue integration will impair the stability of 
orthopedic implants in the body. The osteogenic activity 
of the implant surface plays an important role in implant 
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osseointegration. In this study, we investigated the attach- 
ment, proliferation, spreading, and osteogenic differentiation 
of hMSC on nanotubular topographies with diameters of 80, 
1 20, 1 60, and 200 nm. Our results indicated that the nanotubular 
surface promoted cell attachment when compared to FlatTi, 
and the number of adherent cells on the smaller diameter nano- 
tubes (NT80 and NT 120) were higher than those on the larger 
diameter ones (NT 160 and NT200) at the 12 hour time point, 
but no obvious differences were found among NT of different 
diameters at the 6 hour time points. A dramatically increased 
cell proliferation rate on the nanotubular surface at the various 
time points was also found in our results. Similar to the case 
of the cell attachment, the cell proliferation rates on NT80 and 
NT 120 were significantly higher than those on NT 160 and 
NT200 at the three time points. Our results also demonstrated 
that hMSCs spread better on the NT when compared to FlatTi. 
In addition, there was no obvious difference between the NT 
and the NT-G in cell attachment, proliferation, and spreading 
which indicates that the gentamicin released from the nanotubes 
had no adverse effect on the functions of the hMSCs. 

In this study, we also determined the ALP activity and 
observed ALP staining and Alizarin Red staining to evaluate the 
effect of nanotubular surfaces with different diameters on the 
osteogenic differentiation of hMSCs. Our results demonstrated 
that the NT and NT-G significantly increased the ALP activity 
and matrix mineralization when compared to FlatTi, and osteo- 
genic differentiation decreased as the diameters of the nanotubes 
increased. Therefore, we can conclude from the above results that 
nanotubular surfaces, especially NT80 and NT-G80, strikingly 
promote the osteogenic differentiation of hMSCs. 

Conclusion 

This in vitro study demonstrated that NT-G could dramati- 
cally inhibit bacterial adhesion and biofilm formation on 
the nanotube surface, while nanotubes with no drug loading 
also present moderate antibacterial ability. Nanotubes also 
significantly promote stem cell attachment, proliferation, 
spreading, and osteogenic differentiation, and the gentamicin 
released from the nanotubes had no adverse effect on the 
functions of the hMSCs. Thus, nanotube based local delivery 
of antibiotics is an attractive strategy for combating implant- 
associated infection. 
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